Abstract. Prostate cancer is the second deadliest form of cancer, even though it is less invasive and easily curable in early stages, due to the lack of an efficient and accurate diagnosis strategy. To date, the standard diagnosis procedure involves a blind biopsy with a high rate of false negative results. In order to overcome these limitations, the paper proposes the development of a novel parallel robotic structure for transperineal prostate biopsy that enables an accurate diagnosis through ultrasound-guided targeted tissue sampling. The robotic system consists of two parallel modules, each with 5 degrees of freedom (DOFs): one module guiding the transrectal ultrasound probe (TRUS) and the other guiding the biopsy gun. The two modules are designed to work together in order to help the physician with the tissue sampling of the prostate. The singular configurations of both robotic modules are analyzed and solutions for avoiding them are provided. The experimental model of the robotic structure is described along with the initial test results, which evaluate the robot accuracy for several medically relevant sets of coordinates.
Introduction
In 2015, the American Cancer Society (ACS, 2016) provided statistical data regarding cancer occurrence. According to these data, 1.6 million cases of cancer were estimated in 2015, 848 200 cases in male patients and 810 170 cases in female patients. The most common form of cancer in female patients is breast cancer with an occurrence rate of 29 % (234 950 cases), while for male patients the most common cancer is prostate cancer with an occurrence rate of 26 % (220 532 cases). As indicated by the ACS, the next in rank after prostate cancer is lung and bronchial cancer with an occurrence rate of 14 % (118 748 cases); almost half are prostate cancer cases. Incidence rates of prostate cancer have changed substantially over the past 20 years, rapidly increasing from 1988 to 1992, declining sharply from 1992 to 1995, remaining stable from 1995 to 2000, and decreasing (on average) from 2000 to 2011. This erratic trend primarily reflects changing patterns in the utilization of prostate-specific antigen (PSA) blood testing for the detection of prostate cancer (ACS, 2016) .
In the matter of cancer mortality, lung cancer is by far the leading cause of death among men (28 %), followed by prostate (9 %) and colon and rectal cancer (8 %). Biopsy, as a medical procedure, focuses on removing a body tissue sample in order for it to be examined with a microscope. Currently this is the most efficient way to determine the malignancy of tumors. The main method used in prostate cancer diagnosis is the core needle biopsy, which is usually performed by a urologist (Jemal et al., 2009) .
The equipment used in prostate biopsy includes an imageacquiring tool, also known as a transrectal ultrasound probe (TRUS), and a biopsy gun that samples the prostate (Pondman et al., 2008) in a sequence illustrated in Fig. 1 . In the first step, the tip of the needle is positioned proximal to the prostate, then a button is pushed on the biopsy gun that automatically performs the next three steps.
Depending on the insertion of the biopsy needle, a biopsy of the prostate can be done in two ways. In the case of a transrectal biopsy, the patient is seated in a lateral decubitus position; the TRUS probe is lubricated with a special anesthetic gel and inserted into the rectum. The ultrasound probe provides real-time imaging of the entire prostate gland, enabling the physician to select the prostate area to be sampled. Attached to the TRUS probe is a special guiding tool for the biopsy gun that will preserve the orientation of the needle in the echography plane, allowing for the continuous monitoring of the needle location. When the desired location is reached, the firing mechanism of the biopsy gun is actuated and the needle collects the tissue sample. After the sampling, the needle is extracted and the tissue is placed into a special container for further analysis. Typically a 12-core biopsy is performed in an attempt to cover the entire volume of the prostate, but the procedure is carried out in a blind manner due to the limited image quality and manual positioning accuracy of the system. Another drawback specific to the transrectal approach is the fact that the needle, in order to collect the tissue sample, has to pass through the rectum wall, thus easily generating serious infection causing the patient to be hospitalized for a certain period of time after the biopsy (Taneja et al., 2013) .
Transperineal biopsy of the prostate implies a different protocol for the procedure. The patient is positioned in the gynaecological position (Free Education Network, 2016) . The TRUS probe is lubricated and inserted into the rectum, as in transrectal biopsy, and used to visualize and guide the needles to the sampling positions in real time. The needles are inserted through the perineum in two possible scenarios: on multiple individual trajectories passing through the skin each time or on trajectories with a common point at which an incision is made through the skin (Taneja et al., 2013) . The two approaches were compared experimentally and a detailed analysis is presented in Vaida et al. (2017) . The results, presented in Fig. 2 , point out an important difference between the two approaches. When the needle passes Figure 2 . Experimental results of the needle incision procedure with and without skin incision (Vaida et al., 2017) . through the skin, there is a force spike that does not appear in the second case. This indicates that the second approach offers better accuracy in avoiding possible needle bending and deflection from the ideal trajectory. From a medical point of view, the experimental data we collected was certified by the European Institute of Oncology in Milan, Italy, where doctors use the skin incision approach to perform transperineal biopsies of the prostate (de Cobelli et al., 2015) .
In a comparison between the two approaches, the advantage of the transperineal approach (Fig. 3) is better access over the prostate gland, especially for the sampling of the apex of the prostate (an area that cannot be reached transrectally). In the case of the transrectal approach, the needles are inserted through the base of the prostate (far from the apex) and the length of the sampled tissue has to be at least 10 mm to obtain proper material for analysis. At the same time, the transperineal approach eliminates the septic risk raised by the transrectal approach because the needle does not penetrate the intestines in order to collect the tissue (Pepe and Aragona, 2014) .
The most commonly used procedure in prostate cancer diagnosis is the TRUS-guided prostate biopsy. However, this procedure has significant disadvantages. In general, the biopsy cores are clustered together, which raises the issue of optimal sampling of the entire prostate. Moreover, the precise localization of possible lesions and the resampling of a region of interest are not possible with the standard freehand TRUS biopsy technique. Since the cancer detection rate is correlated with the quality of biopsy core sampling, an improved core sampling technique should maximize the prostate cancer detection rate, which in turn leads to better disease management (Kaye et al., 2015) .
One possible solution to the standard TRUS biopsy limitations is the use of a robot (which enhances precision), together with three-dimensional reconstruction software. A robotic ultrasound application may provide image guid- ance for common prostate cancer treatment methods (e.g., brachytherapy and radical prostatectomy; Kaye et al., 2015) . Research centers around the world are trying to provide solutions for medical requirements in an attempt to improve lives through the construction of robotic systems (Gherman et al., 2016; Tarnita, 2016) or by studying and improving existing systems (Tarnita and Marghitu, 2013; Ottaviano et al., 2014; .
In 2007, Cheng proposed a robotic system that allows for the transperineal approach to prostate biopsy (Cheng, 2007) . In this system, the needle is placed at an angle with respect to the endorectal probe and set to collect different samples by modifying this angle. The robotic system is made up of two mechanical modules: the first module is for needle guidance, while the second module is for imagistic sampling. Both modules are mounted on a mobile platform with 5 DOFs. The needle is inserted manually and guided by the urologist, while the sampling depth is controlled by a switch mounted on the biopsy gun. The orientation mechanism of the needle and the switch are actuated. The imagistic sampling module is made up of an endorectal probe and its support mechanism that executes an active translation. The 5 DOF system offers sufficient dexterity to position the imagistic sampling module, but the tissue sampling is done manually.
Another solution for the transperineal approach is proposed by Long et al. (2012) . The system includes a guiding module for the biopsy gun mounted on one side of the imagistic module. The system positions the needle on a specified trajectory and fixes the sampling depth. The robot has 7 DOFs. A TRUS probe is attached to the ultrasound apparatus. The guiding system of the needle is calibrated before the endorectal probe procedure. The robot positions the module of the biopsy gun close to the perineum of the patient and the first needle is inserted. Once the needle has reached the sampling area, a position check is applied using the endorectal probe. If the position is not correct, the needle is retracted and reinserted correctly. This system does not have an automated guiding device for the ultrasound probe, which is thus manually guided. Stoianovici et al. propose an MRI-safe robot for biopsy of the prostate (Stoianovici et al., 2014) . For this system, the transrectal approach is preferred. The robotic structure is actuated with pneumatic stepper motors (PneuStep). The structure has 3 DOFs, which is considered sufficient to guide the TRUS probe; 1 DOF is implemented separately and represents a new method of biopsy needle insertion. The robotic structure assists the urologist by automatically orienting the biopsy gun to the targeted biopsy area and fixing the sampling depth using MRI. The robot is attached to the MRI table using a fixture plate after the patient has been seated in the necessary position for the medical procedure (lateral decubitus) . The endorectal extension includes an MRI coil and a set of markers to memorize the patient position. The guided biopsy needle passes through the endorectal extension at an angle calculated by the robotic system. The system is provided with a rotation joint around the endorectal extension, a rotation joint for needle guidance, and a translation joint for needle insertion. The insertion of the needle is done manually, and only the depth of sampling and the orienting angles are fixed by the endorectal probe. The disadvantage of the system is the transrectal approach, which is a procedure that creates complications, as mentioned previously.
Another robotic system for transperineal prostate biopsy is proposed by Vaida et al. (2015) . The robotic solution consists of a modular parallel structure with two independent kinematic chains using a specific RCM (remote center of motion). The TRUS guidance module has 4 DOFs; with respect to entry points, there are three rotations and a translation along the longitudinal axis of the probe. The module for manipulating the biopsy gun has only 3 DOFs since the rotation of the needle around its longitudinal axis is unnecessary. The first module of the TRUS probe is positioned on the biopsy table and the biopsy gun module is mounted on top of the first in an upside-down position with the same kinematic appearance. The fourth active joint is replaced with a simple actuation device that triggers the biopsy gun. This system requires high-quality machining for the components of the RCM mechanism, which is sometimes difficult to achieve.
The robotic structure presented in this paper combines a series of technologies to help the urologist perform a biopsy in a short period of time with a reduced number of samples. The robotic system proposed in this paper is designed to work as a fusion system between previously obtained MRI results (from an MRI scan of the prostate area) and real-time images provided by the endorectal probe in order to validate the sampling points of the biopsy. After the MRI scan of the suspected cancer patient has been performed, the sampling points are marked by the urologist. The marked sampling points are then referenced in the robot reference system and the endorectal probe is inserted. After the volumetric image of the prostate is obtained, the sampling points are identified and the biopsy is performed. The advantage of this robotic system is that after the patient has been seated and calibrated with the robot reference system, the surgeon's only task is to supervise the system, check the validity of the sampling points, and comply with the safety features of the system (every procedure performed by the robot has to be approved by the urologist).
The paper is organized as follows. Section 2 presents the novel parallel robotic system designed for prostate biopsy with its two modules and the inverse kinematic equations. Section 3 presents the singularities in the robotic system. In Sect. 4, the workspace of the robotic structure is presented. The simulation results of the parallel robot for transperineal biopsy are presented in Sect. 5. The experimental model of the robotic structure is presented in Sect. 6 followed by a set of experimental results in Sect. 7. The conclusions are presented in Sect. 8, followed by acknowledgements and references.
BIO-PROS-1 parallel robot
In order to define the specific tasks of the robotic system for transperineal prostate biopsy, a medical protocol (for roboticassisted prostate biopsy) was developed in collaboration with a team of oncologists from the University of Medicine and Pharmacy in Cluj-Napoca as a stepwise procedure.
1. The exact tumor location and size are determined with an MR imaging device, where a special smaller probe will be inserted through the urethra into the prostate as a fixed marker.
2. The MRI data are processed in order to establish the coordinates for the target points for the needle, calculated relative to the special probe.
3. The patient is positioned in the gynecological position.
4. Anesthesia is administered; the transperineal approach involves a local anesthetic of the perineum, the area through which the needle is inserted.
5. The robot is positioned relative to the patient and the coordinate systems of the patient and robot are correlated with all the necessary transformations (from this moment on, the robot will remain fixed with respect to the patient).
6. The TRUS probe is inserted for real-time image acquisition along with the same special smaller probe placed inside the prostate. The probe will be used for the MRI-TRUS fusion to ensure that the coordinates determined as target points will be properly defined during the biopsy.
7. The exact locations of the points are recalculated based on the MRI-TRUS fusion image (the prostate is modified in shape due to the different positions of the patient inside the MRI and during the procedure).
8. The sampling is performed using the target point coordinates determined in step 7, with real-time monitoring of the enhanced images using one of the two main options for the definition of the insertion points locations.
9. A needle-guiding template is used, which allows the needles to be driven on parallel trajectories in different areas of the prostate.
10. A single entry port is also used, which is created by a very small incision in the skin situated on the median line of the body to drive the needles on concurrent trajectories (Vaida et al., 2017) .
11. The biopsy gun is driven to the insertion point by the robotic system with the final orientation (calculated based on the insertion target coordinates pairs).
12. The needle actuation module is engaged to insert the needle (on a linear path) until the target point is reached.
13. The needle actuation module activates the sampling function of the biopsy gun, thereby sampling the tissue.
14. The needle actuation module retracts the needle on the same trajectory until the needle is out of the patient, at which time the robot arm moves away from the patient to enable the unloading of the gun and the sample retrieving.
15. The samples are stored in special containers (small bottles with identification tags for the sampling area).
After the sampling, anatomopathological analysis of the tissue is performed to determine the possible presence and spread of cancerous cells in the prostate.
The robotic system should guide both the TRUS and the biopsy gun, and hence there are two main modules, one for each instrument (Fig. 4) . The kinematics of the BIO-PROS-1 parallel robotic structure have been presented in . The main requirements given by urologists are high accuracy, a medically relevant workspace, safe positioning and orientation of the medical instrument, and performing the biopsy in a targeted way under real-time ultrasound guidance. These led to the development of a robotic system consisting of two modules (robotic structures) that work together (Plitea et al., 2015a) . The first module, designed for TRUS probe guidance (illustrated in Fig. 5 ), has a modular structure consisting of a parallel module with M = 3 DOFs of family F = 1 (the number of imposed constraints for 1 DOF; common to all links of the mechanism) with three active joints (q 1 , q 2 , q 3 ). The second parallel module is M = 3 DOFs of family F = 1 with two active joints (q 4 , q 5 ); it works in cylindrical coordinates. A fixed coordinate system (OXY Z) is defined and attached to the frame of the robot (Fig. 5) , where the OZ axis represents the translational axis of the (q 3 ) translational joint, and the OY axis is parallel to the (q 1 ) translational joint. With respect to this coordinate system, the first module is positioned in the OY Z plane, while the second module is at a distance (a 4 ) with the active joints (q 4 , q 5 ) moving on an axis parallel to OZ. The second robotic module, used for guiding the biopsy gun, has the same kinematic structure as the first; however, as can be seen from Fig. 6 , it has both modules in the same plane. With respect to the fixed coordinate system, OXY Z is parallel to the OY Z plane at a distance (X C ). Both robotic modules have active translational joints actuated along axes parallel to the OY (q 1 and q 1 ) and OZ (q 2 , q 3 , q 4 , q 5 , q 2 , q 3 , q 4 , q 5 ) of the fixed frame of the robot. Each pair of modules (composing the TRUS guiding module and the biopsy-gun guiding module) is connected through a pair of Cardan joints that hold the mobile platform, which further integrates the active instruments. The geometric parameters of the TRUS-probe guiding module are as follows:
e, e 1 , e 2 , e 3 , e 4 − distances between the rotational axes of passive joints; c − distance between the two Cardan joints (A 1 and A 2 ).
The geometric parameters of the biopsy-gun guiding module are as follows:
e , e 1 , e 2 , e 3 , e 4 − distances between the rotational axes of passive joints; c − distance between the two Cardan joints (A 1 and A 2 ).
The inverse geometric model of the TRUS guiding module is determined based on simple analytical equations: knowing the TRUS position, the tip point E (X E , Y E , Z E ) and its orientation, and the angles ψ and θ . The generalized coordinates are presented in Eqs. (1) to (5):
The generalized equations for the direct kinematic model of the TRUS guiding module are
By solving the system of equations (Eq. 9), the expressions for X A 2 , Y A 2 , Z A 2 can be obtained:
Equation (9) is a quadratic equation leading to a double solution for X A 2 and Y A 2 , which define the two possible working modes of the robotic system. The equations that characterize the inverse kinematic model of the biopsy gun module for BIO-PROS-1 are described in Eqs. (10) to (14):
Figure 5. Kinematic model of the TRUS-probe guiding module.
Using the direct kinematic model, the equations that characterize the needle tip coordinates and the orientation of the biopsy gun are presented in Eqs. (15) to (18):
By finding the solutions for the system of equations (Eq. 18), the expressions for X A 2 , Y A 2 , Z A 2 are obtained:
An analysis of Eq. (18) reveals that in the case of the second module, the coordinates for X A 2 and Y A 2 also have a double solution, leading to the two working modes of the robot module.
Singularity analysis of the parallel robot BIO-PROS-1
The singularities in the parallel manipulators can be studied using different mathematical techniques, such as analyzing the Jacobian matrix (of the loop closure equations) rank and condition number (Merlet, 2006) , using screw theory (Zlatanov et al., 2002) , using a study parameterization of the Euclidian displacement group (Walter and Husty, 2010) , or using the augmented Jacobian matrix (Joshi and Tsai, 2002) . A parallel robot in singular configurations can instantaneously lose the ability to transmit motion and become uncontrollable (Plitea, 2015b) in two possible cases: the mechanism loses its stiffness by gaining DOFs, or the mechanism locks by losing DOFs (Podder et al., 2010) . Identification and avoidance of the singular loci is crucial in ensuring kinematic accuracy and robotic system stability. Patient safety is one critical aspect regarding the use of a robotic system for medical procedures such as biopsies. Singularity analysis therefore has great importance in order to identify and avoid singular loci in the robot workspace (Gherman et al., 2010) . The method used in this paper for the singularity analysis is based on evaluating the determinants of the Jacobian matrices A and B, which are obtained from the inverse and direct geometric models of the robot (Gosselin and Angeles, 1990; Gosselin and Wang, 1997) . This groups them into three categories: serial singularities (the determinant of the Jacobian matrix for the inverse kinematic problem is zero and the robot losses degrees of mobility); parallel singularities (the determinant of the Jacobian matrix for the direct kinematic problem is zero and the robot gains degrees of freedom, becoming uncontrollable); and architectural singularities (the determinant of the Jacobian matrix for both kinematic problems are zero and the end effector can be moved while all the active joints are locked).
Starting from the geometric models that describe the relations between the coordinates of the active joints q 1 , q 2 , q 3 , q 4 , q 5 and the coordinates of the tip of the needle, E = (X E , Y E , Z E , ψ E , θ E ), as shown in Pisla et al. (2015) . The implicit functions can be defined by Eq. (19) for the TRUS probe module and Eq. (20) for the biopsy gun module:
The equation describing the kinematic model for the velocities of the ultrasound-guiding robotic module is presented in Eq. (21),
whereẊ represents the velocity vectors of the ultrasound tip andq the velocity vector of the active joints:
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A and B are Jacobian matrices obtained using Eqs. (23) and (24):
where
The determinant of the A Jacobian matrix of the inverse kinematic model for the TRUS probe module is defined by the expression
The singularity condition is satisfied when det(A) = 0. This determinant vanishes in the following cases.
a. c = 0.
The term "c" is a geometric parameter that defines the distance between the two Cardan joints, always taking values greater than zero. If "c" becomes zero, the two Cardan joints would superpose, changing the geometry of the robot. This case is purely theoretical and will not occur.
b. sin (θ ) = 0, leading to θ = 0 or θ = π . This expression implies that the TRUS probe is placed vertically, parallel to the OZ axis and oriented with the tip of the probe downwards (θ = 0) or with the tip of the probe upwards (θ = π ). Because of the relative position between the robot and the patient, the TRUS probe will always work close to the horizontal plane θ = π/2 (Fig. 7) . Furthermore, in the design parameters of the robot, the geometric dimensions of the elements do not allow for the vertical positioning of the TRUS probe. Thus, this singularity is eliminated in the design stage.
Figure 8 represents this type of configuration, when ψ = atan2 (Y E , X E − a 4 ), translated in the positive direction of the OX axis. Practically, this configuration implies that links c 4 , d 4 , c, and h are in the same plane. This position represents the plane that separates the two working modes of the robotic module emerging from the double solution for Eq. (9). To avoid this singular configuration, the following condition must be implemented into the robot control: ψ < atan2 (Y E , X E − a 4 ). This will ensure that the robot will not change its working mode during functioning.
d. e 1 − X E + e 2 + (c + h) · cos (ψ) · sin (θ ) = 0, leading to the expression
This configuration is presented in Fig. 9 and implies that the link R 1 is positioned into a parallel plane with the Y OZ plane. To avoid this configuration when implementing the control module of the robot, the next condition can be implemented:
This configuration (Fig. 10 ) appears when the link R 1 is normal to the Y OZ plane (or is positioned into a parallel plane to XOY ). As in the previous case, given the fact that the singularity is on the boundary of the module workspace, the fol- lowing mechanical constraint can be imposed on the control module of the robot:
In conclusion, the singularity cases (a), (b), (d), and (e) are all at the workspace boundary. This is also demonstrated in the figures that represent each singularity, where the robot links are either fully extended or fully retracted relative to the OXY Z frame. The only singular pose that has to be avoided (since it is located inside the robot workspace) during the robot operation is described in case (c). Next, the determinant of the direct kinematic model is analyzed. The general expression is This expression implies that q 4 = q 5 , meaning that the two active joints are overlapping. This singularity case is eliminated in the design phase since the robot mechanical structure will prohibit the values of the two active joints from becoming equal. By mounting a position sensor on one of the joints, the possibility of collision is also eliminated.
The determinant of matrix B becomes zero when the d 4 link is in the vertical position (parallel to the OZ axis). This position can be eliminated by imposing the condition that the distance between joints q 4 and q 5 is lower than d 4 on the control module of the robot. Considering the condition imposed for the singularity (b), the left-hand side of this equation contains only positive terms. This means that this equality will never occur. As a general overview, for the determinant of matrix B, the singular cases appear only at the boundary of the workspace; thus, through adequate design and control, they can be easily avoided without any negative influence on the behavior of the robot.
The equations for the biopsy gun module are very close to the ones for the first module, with very little variation in expression. They will be presented briefly. The determinant of the inverse kinematic problem for the biopsy gun module is given by the expression
There are also five cases for which this expression becomes zero.
The term c is a geometric parameter (the distance between the two Cardan joints) and has a positive dimension imposed by the architecture of the robot.
b. sin θ = 0, leading to θ = 0 or θ = π . This expression implies that the biopsy gun is placed vertically, parallel to the OZ axis oriented with the tip of the needle downwards θ = 0) or with the tip of the needle upwards (θ = π ). Because of the relative position between the robot and the patient, this position cannot be reached, as seen in Fig. 10 ; the working position of the probe is close to the horizontal plane.
Figure 11 represents this type of configuration translated in the positive direction of the OX axis. Practically, this configuration implies that links c 4 , d 4 , c , and h are in the same plane. This configuration defines the boundary between the two working modes of this robotic module (defined by the double solution in Eq. 18).
d. X C − e 1 − X E − e 2 + c + h · cos ψ · sin θ = 0, leading to
This configuration is illustrated in Fig. 12 and implies that the link R 1 is positioned into a parallel plane with the Y OZ plane. To avoid this configuration when developing the control module of the robot, the next condition can be implemented:
This will reduce to the expression
This configuration appears when the link R 1 is normal to the Y OZ plane (or is positioned into a parallel plane to XOY ), represented in Fig. 13 . As in the previous case, given the fact that the singularity is at the boundary of the workspace of the module, the following mechanical constraint can be imposed on the control module of the robot:
The determinant of matrix B for the biopsy gun is the same as the determinant of matrix B for the endorectal probe module. The same singularities are obtained with all poses located on the workspace boundary:
(56)
Workspace analysis of the parallel robot BIO-PROS-1
In the case of the ultrasound probe guidance, the robot workspace depends on the insertion point into the anus (I ) and thus on the relative position of the patient to the robot. Once this point's coordinates are defined (either by visual guidance or by using an external marker and calibrated table for the robot), the ultrasound probe will have a spherical motion around this point that acts as a remote center of motion (RCM)), reaching a large number of target points and orientations. For the workspace generation, an inverse kinematic model was used. An initial volume, in the shape of a parallelepiped, is defined to obtain a range of values for each coordinate. Further on, each point is tested; if validated, it is saved as a point in the robot workspace. The same approach is used for the biopsy gun module, by considering the approach with a single insertion point for each sampling. Supplementary conditions are introduced between the relative positions of the two modules based on the restrictions imposed by the medical procedure. The conditions imposed refer to the following:
1. the maximum and minimum stroke values for the robot active joints (q 1 , q 2 , q 3 , q 4 , q 5 for the TRUS probe module and q 1 , q 2 , q 3 , q 4 , q 5 for the biopsy gun module);
2. the distance I T maximum value (the depth value of the probe introduced into the body) should be less than or equal to the probe length;
3. the distance I T that represents the length of the needle inserted into the body must not exceed the total length of the needle;
4. the value intervals of the orientation angles should be 60 • < ψ < 120 • and 45 • < θ < 135 • (according to medical experts);
5. singular configurations and singularity points have to be avoided by imposing the mathematic conditions abs (det (A) = 0) and abs (det (B) = 0) ;
6. the robotic structure should avoid positions in which one or more links of the robots would collide (Z E > Z E and Z A 1 > Z A 1 );
7. and the workspaces of the TRUS-probe guiding module and the biopsy gun guiding module should not intersect.
Using this algorithm, the generated workspace is presented in Fig. 14 , allowing a broad range of motions for the ultrasound probe for a selected insertion point into the colon. The workspace of the TRUS-probe guiding module is defined by pairs of points: I (the TRUS probe insertion point inside the rectum defined by the anus, which will remain fixed during the procedure) and T (the target point of the probe inside the colon in order to provide proper imaging of the target point for the sampling, which will have a range of coordinates inside the body, limited by the insertion point coordinates and the probe length). In the case of the biopsy-needle guidance robot, the workspace is largely dependent on the pair of insertion target points: I (the needle insertion point into the perineum) and T (the target point into the prostate tumor). Once these points have been chosen and their coordinates become known, the needle will be positioned at the insertion point with its final orientation (the angles ψ and θ ). Afterwards it will be inserted on a linear trajectory up to the target point. Figure 14 presents the robot workspace for an insertion point I (for the ultrasound probe) and I (for the biopsy gun), for which all the possible target locations for the two instruments, based on the set of restrictions, have been computed. The geometrical parameters have the following constructively chosen values as a result of designing the robotic structure on a real scale.
a. For the ultrasound-probe guidance robot: R 1 = 305 mm; e = 27.5 mm; e 1 = 65 mm; e 2 = 20 mm; The insertion points have the following coordinates: I X I = 360 mm; Y I = 520 mm; Z I = 150 mm , I X I = 365 mm; Y I = 500 mm; Z I = 220 mm . These are indicated by the blue points on the figure; the red represents the valid points with respect to the given insertion point (I and I ), and the green represents the points that cannot be reached from the insertion points due to the mechanical configuration of the structure. As presented above, the workspace was computed inside a parallelepiped shape defined by the range of all active joints; because all computations were made using the RCM, all the points are shaped into a sphere with a center in the insertion points (I and I ; the insertion point is fixed and the motion is around this point).
Simulation of parallel structure BIO-PROS-1
By using the inverse kinematic models presented in , a medically relevant scenario has been simulated in a program created using Matlab. The motions are similar for both robots (TRUS and the biopsy gun). The robotic system and the patient are positioned and the robot coordinate system is correlated with that of the patient based on several markers. After both robotic modules have been initialized (the coordinates of all the joints are known), the sampling procedure begins. First the TRUS probe moves towards the insertion point. This point is marked on the body; for the TRUS probe, this is the anus. After the insertion point for the probe has been reached the probe moves towards a preset target point inside the rectum, which represents the point that gives the best view of the sampling area of the prostate. To reach the target point, given the fact that the probe moves inside the patient, the motion parameters (speed and acceleration) are significantly lower than the motion parameters of the motion towards the insertion point of the probe.
After the probe has reached the target point, the biopsy gun module guides the needle towards the insertion point. This point is located on the perineum and is usually is marked by a small cross incision to reduce the tissue resistance force (as described in the Introduction). Based on the pairs of coordinate points (insertion target), the robot calculates the needle orientation. When the insertion point is reached, the needle has the final orientation to enable its motion inside the body on a linear path. The target point is represented by the sampling area on the prostate. The motion towards the target point of the needle is a strictly linear motion along the needle axis; as in the case of the probe, the motion parameters are lowered. After the target point of the needle has been validated via an ultrasound image provided by the TRUS probe, the biopsy gun is triggered and the needle samples the prostate. With the sampled tissue inside the cannula of the biopsy gun (see Fig. 1 ), the needle is retracted on the same linear trajectory.
For the simulation, the starting points and orientations were chosen as follows. 
The two pairs of insertion target points for the two robots are as follows. 
The orientation for the two guided elements can be derived from the insertion and target point coordinates: The motion parameters are the same for both robotic modules: ν max = 20 mm s −1 and a max = 10 mm s −2 for the first stage of the motion (position and orientation of the guided elements at the insertion points) and ν max = 2.4 mm s −1 and a max = 1.2 mm s −2 for the second stage during which the probe and needle are inserted into the body (at the speeds required by urology specialists for safety reasons).
Figures 15 and 16 present how the final motion is achieved by assessing the motion (position, speed, and acceleration) for each active joint: at a higher speed and acceleration, the guided elements are positioned at the insertion points in the body and achieve their final orientation. Afterwards, at a slower speed and acceleration, the probe and needle are guided on a linear trajectory inside the patient .
Experimental model of parallel structure BIO-PROS-1
In order to perform experimental tests using the BIO-PROS-1 robotic structure, an experimental model of the robotic system was designed. The main purpose of the robotic structure is to manipulate the two instruments used in the transperineal prostate biopsy: the biopsy gun ( Fig. 17) (Vaida et al., 2017) and the TRUS probe (Fig. 18) . The first step in the development of the experimental model was the design of the biopsy gun module and the geometrical parameters of the mobile platform to guide an ultrasound probe. In order to design the two instruments, real models of the instruments were analyzed. For the biopsy gun, the Bard Monopty 22 mm (Bard Biopsy, USA) was selected and the Endocavity Biplane E14CL4b (BK Ultrasound, USA) was selected for the TRUS probe. Analyzing the properties (mass, size) of the two instruments resulted in the design elements of the robot (Figs. 19 and 20) . Both modules were linked together through a frame and assembly organs. Each active joint was materialized through a ball screw axis (10 in total, 5 for each module) and each axis was actuated using a stepper motor (10 in total). For each passive rotational joint, radial-axial bearings were selected to fulfil the motion requirements, and bearing housings were chosen for passive translational joints.
The result of the experimental design was a rigid and modular robotic structure able to fulfil the requirements for a robotic-assisted transperineal prostate biopsy. The overall dimensions of the structure resulted from combining the dimensions given by medical staff and the dimensions from computing the design parameters of the real model in order for the structure to manipulate the instruments in a safe environment.
The final result of the development of the parallel robotic structure BIO-PROS-1 can be seen in Fig. 21 . The material used for the frame is an aluminum alloy, which is both rigid and low weight. For the motion axes, chrome steel was an applicable solution, while some parts were constructed using a rapid metal casting process.
Experimental data for the biopsy task
In order to evaluate the robot accuracy, a cube made of ballistic gel was created with spheres of different diameters placed inside in a well-defined pattern (Fig. 22) . The robot task was to insert the biopsy needle inside a sphere. The silicone cube has an overall size of 150 × 100 × 100 mm and the coordinates of the spheres are as follows, also listed in the Table 1. A set of 10 consecutive runs was made for each sphere to demonstrate that the robot can reach each of them. This initial set of experimental runs validated the robot accuracy in the range of 2 mm, which is the size of the smallest sphere reached inside the cube. For the spheres with diameters of 2 mm, there were some target misses in the first runs, but following calibration the spheres were reached each time.
For the second part of the measurements, the robot was evaluated using an external measurement system, the FaroArm Edge, which is portable (Faro Technologies, UK). The measurement was achieved in four main steps for both the TRUS probe and the biopsy gun. Step 1: the Faro Arm has been fixed with respect to the robotic system. Using the laser head (noncontact), the coordinate system of the robot has been determined.
Step 2: using the same laser head, the TRUS probe and biopsy needle have been scanned to determine the tip coordinates and its orientations.
Step 3: data obtained in step 2 have been compared with the CAD model of the robotic system, and an error has been computed.
Step 4: steps 2 and 3 have been performed several times and a database has been created (two sets of results are presented in Table 2 ).
In real medical scenarios using relevant coordinates for the transperineal prostate biopsy, a set of five consecutive measurements were performed for each set of points. Two different distances were imposed between the insertion points of the biopsy needle and the ultrasound probe to simulate different human anatomies. Based on sonoelastography ultrasound data on a malignant prostate , illustrated below ( Fig. 23 ; the white arrow), two sets of coordinates for the input data were established in the robot coordinate system, considering that the patient is positioned in the gynaecological position aligned to the symmetry line of the robot. In a real scenario, the coordinate transfer would be achieved by using external markers on the patient and an internal marker placed through the urethra in the center of the prostate. A surgical prostate biopsy performed manually by a urologist has a statistical accuracy of 9 mm (Kaye et al., 2015) . After experimental tests with the presented robotic system, the accuracy of the procedure has been determined between 1 and 2 mm. The results are similar to those presented in Krieger et al. (2005) and Susil et al. (2006) . The next step in the robot development is its testing on a human phantom with an elasticity similar to human tissue. For better results, an innovative algorithm for trajectory planning, like the one presented in Girbacia et al. (2017a, b) , may be used.
Conclusions
The paper presents an innovative parallel robot for transperineal prostate biopsy. The robotic system was designed for both the TRUS probe and biopsy gun guidance with two robotic modules working together and sharing the same coordinate system. An analytical approach has been used to obtain the inverse and forward kinematic models of the structure. The robotic system workspace has been generated using real parameters of the robotic structure. Since the safety of the procedure is of high importance for medical procedures, several constraints have been imposed to avoid collisions be- tween the robot links. The singularity configurations of the robotic system have been analyzed and solutions for avoiding them have been provided; these are ready to be introduced into the robot control. The experimental model of the structure has been developed and presented. A set of experiments was performed in order to validate the robotic structure. Based on the resulting errors, some improvements will be proposed and consequently applied to the mechanical structure and the control system of the robot, followed by a new set of experimental tests on phantom models. The state of the art in robotic-assisted biopsy includes solutions that combine the motion of the TRUS probe with that of the biopsy gun. In some solutions, only the endorectal probe is automated, while other solutions present the biopsy gun module as robotic. The majority of robotic solutions are a combination of serial manipulators. Based on its parallel structure (which provides an inherent accuracy and stiffness), BIO-PROS-1 achieved an accuracy of 1-2 mm for the endorectal probe and for the biopsy gun during the simulated medical procedure. Both modules are fully automated; the urologist initializes the robotic structure, inserts the target points for the probe and the biopsy gun, and each step of the procedure has to be validated by the operator. A huge advantage of this robotic system is the development of fusion software between the MRI images and the real-time image provided by the TRUS probe. Prior to the biopsy procedure, an MRI scan of the prostate is performed. The target points on the prostate are identified and marked as reference points and position markers are mounted on the body. When the biopsy procedure starts, the MRI is projected onto the robotic system user interface, and the ultrasound image from the TRUS probe is overlapped (with respect to the same position markers used during the MRI). Using this fusion system, the number of samples is reduced to a minimum (the number of points identified during the MRI).
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